A major theoretical consequence of selection at a locus is the genetic hitchhiking of linked sites (selective sweep). The extent of hitchhiking around a gene is related to the strength of selection and the rate of recombination, with its impact diminishing with distance from the selected site. At the Rop-1 locus of the sheep blowfly, Lucilia cuprina, polymorphisms at two different sites within the LcaE7 gene encode forms of the protein that confer organophosphorus insecticide resistance. To assess the impact of selection at these two sites on variation around LcaE7, we sequenced regions within six other genes along chromosome IV across isogenic (IV) strains of L. cuprina. High levels of linkage disequilibrium, characterized by low haplotype number (K) and diversity (H), and significant R 2 values were observed for two genes, LcaE1 and LcaE10, both members of the same a-esterase gene cluster as LcaE7. A significant R 2 value was also observed for a gene predicted to be the next closest to LcaE7, AL03, but not for any of the other genes, LcRpL13a, Lcdsx, or LcAce. Skews in the site frequency spectra toward high-frequency variants were significant for LcaE1 (Fay and Wu's H 5 À2.91), LcaE10 (H 5 À1.85), and Lcdsx (H 5 À2.00). Since the selective sweeps, two forms of likely returning variation were observed, including variation in microsatellites in an intron of LcaE10 and a recombination event between LcaE7 and LcaE10. These data suggest that two incomplete soft sweeps have occurred at LcaE7 that have significantly affected variation across, and beyond, the a-esterase gene cluster of L. cuprina. The speed and impact of these selective sweeps on surrounding genomic variation and the ability of L. cuprina to respond to future environmental challenges are discussed.
Introduction
The spread of advantageous mutations by natural selection has a substantial impact on patterns of linked genetic variation. The hitchhiking effect (Maynard Smith and Haigh 1974; Kaplan et al. 1989; Nurminsky 2001; Stephan et al. 2006) describes the rise in frequency of neutral variants linked to a beneficial polymorphism. A strong selective sweep (''hard sweep'') is predicted to produce a region of the genome where the naturally selected haplotype (the selected site and its neighbors) is the only one that exists in a population, resulting in a reduction or elimination of the genetic variation in that chromosome region. The hitchhiking effect is expected to diminish with distance from the advantageous mutation, producing a ''valley'' of reduced genetic variation and high linkage disequilibrium (LD) around the site of selection. The extent to which natural selection acting upon a beneficial allele will affect levels of variation at neighboring alleles is correlated with the strength of selection. Strong selection also increases the probability of the sweeping of multiple forms or haplotypes of a beneficial mutation (''soft sweep'') (Hermisson and Pennings 2005) . Soft sweeps are likely if the effective population size or the mutation rate is high (Pennings and Hermisson 2006a) , and can result in even stronger LD due to increased haplotype structuring (Pennings and Hermisson 2006b ). The effect of a selective sweep on patterns of variation is expected to decline with time. This recovery is due to the eventual accumulation of new mutations and recombination events that eventually occur between adjacent loci and disrupt the linkage between them.
The importance of selective sweeps in molecular evolution is becoming increasingly apparent. Several recent studies of variation at the genomic level have detected regions of low variation and high LD, telltale signs of recent selective sweeps (Nair et al. 2003; Schlenke and Begun 2004; Sabeti et al. 2006) . The evolution of organophosphorus insecticide (OP) resistance in the Australian sheep blowfly, Lucilia cuprina (Diptera: Calliphoridae), provides a useful model to test predictions of the impact of natural selection on the patterns of variation at linked loci. Responses to insecticides are especially good in this regard, because selection is typically strong and relatively recent, permitting the study of sweep(s) before population recovery.
Lucilia cuprina is a metallic-green blowfly. Adults are 5-10 mm in length, with coppery reflections, particularly on their abdomen. Lucilia cuprina can be confused with its sibling species Lucilia sericata, which is more of a generalist species commonly found on rubbish. In contrast, L. cuprina is mainly a carion fly and as such has also become important in forensic entomology. Eggs are laid on carrion soon after death of the animal and hatch into larvae passing through three instars before metamorphosis during the pupal stage followed by adult emergence. A generation can take from 11 to 21 days with the fly proceeding through four to eight generations a year depending on environmental conditions. Lucilia cuprina has a distribution that reflects its preference for warmer conditions including Australasia, Africa, regions of Asia, and North America. Lucilia cuprina also causes myiasis, commonly known as 'fly strike,' which is a serious health issue for sheep, impacting on the sheep industries of Australia, New Zealand, and the Republic of South Africa. In this case, eggs are laid on live sheep, typically in the hindquarters with the resulting larvae burrowing under the skin to feed on the flesh, poisoning the sheep through the production of ammonia and secondary infections. Farming practices including crutching, tail docking, mulesing, mass trapping, and the use of insecticides have all been used to manage fly strike.
OPs have been widely used to control L. cuprina applied either as a prophylatic by sheep dipping and jetting or as a treatment through direct application to the wound. OPs such as the diethyl OP, diazinon, have been used to control L. cuprina in Australia since 1958, and the first cases of resistance were detected soon after, in 1965 (Shanahan and Hart 1966) . With no alternative insecticide classes brought onto the market until 1979, the frequency of diazinon resistance reached 95% by the early 1970s and has remained high since then (Levot 1995) . Lucilia cuprina has also evolved resistance to the dimethyl OP, malathion. Interestingly, malathion has been applied to sheep to control lice rather than L. cuprina, yet L. cuprina has nevertheless evolved resistance. The frequency of malathion resistance in natural populations of L. cuprina is substantially lower than diazinon resistance (Smyth et al. 2000) .
Resistance to diazinon and malathion result from two independent mutations within the same esterase isozyme, E3, encoded by LcaE7, a member of the a-esterase multigene family, which is located at Rop-1 on chromosome IV of the blowfly (Newcomb et al. 1997b ). An Asp 137 substitution confers OP hydrolase activity, predominantly to diethyl OPs such as diazinon, while simultaneously obliterating carboxylesterase activity of the enzyme. A second Leu 251 substitution, on the other hand, confers resistance to malathion by hydrolyzing the carboxylester bonds within malathion, while escaping inhibition by the OP through weak hydrolytic activity against the phosphoester bonds also within malathion (Newcomb et al. 1997a; Campbell et al. 1998) . Ser 251 and Thr 251 substitutions in LcaE7 are also thought to confer malathion resistance in flies based on the ability of recombinant forms of E3 containing these substitutions to hydrolyze malathion (Heidari et al. 2004) . Interestingly, similar diazinon and malathion resistanceassociated mutations have now been found in the sibling species L. sericata (Hartley et al. 2006 ) and the housefly, Musca domestica (Claudianos et al. 1999) .
Diazinon resistance and malathion resistance are in complete disassociation (Smyth et al. 2000) , indicating that the two resistance mutations do not exist together on the same gene. Indeed, no individual sequences of LcaE7 carrying both resistance substitutions Asp 137 and Leu 251 were detected in a sample of 41 L. cuprina strains (Newcomb et al. 2005) , and when recombinant proteins containing both substitutions were made artificially, they were not predicted from biochemical analyses to be able to confer both resistances (Heidari et al. 2004) . Interestingly, isogenic strains resistant to both malathion and diazinon have been identified, and all contain a duplication of the LcaE7 gene involving an Asp 137 and a Leu 251 haplotype (Newcomb et al. 2005) .
Previously, we have sequenced a region of LcaE7 across isogenic (IV) strains of L. cuprina from Australasia revealing that diazinon and malathion resistance likely each arose at least twice (Newcomb et al. 2005) . In this study, a single LcaE7 haplotype (D) conferring diazinon resistance dominated in frequency (16/22 randomly collected strains) resulting in high levels of LD, a significant Fay and Wu's H statistic and low haplotype diversity observed in the data (Newcomb et al. 2005) . Molecular analyses of pinned specimens of L. cuprina from Australia revealed representatives carrying haplotypes associated with resistance (Newcomb et al. 2005; Hartley et al. 2006) collected before the first reports of resistance in the field and in some cases before the first use of the insecticide (i.e., before 1950). Hartley et al. (2006) also found that levels of haplotype diversity at LcaE7 before the introduction OPs was higher than present, similar to levels of haplotype diversity observed in L. cuprina samples from outside Australasia and in L. sericata where insecticide pressures are thought to be negligible.
The number of genes described on L. cuprina chromosome IV is limited to a small set of physical markers (Weller and Foster 1993 ) and molecular markers. LcaE7 has been mapped relative to physical markers (Weller and Foster 1993) . Four other genes located on chromosome IV (AL07, AL03, LcRpL13a, and LcAce) have been genetically mapped. The relative positions of other genes mapped to chromosome IV (LcaE1, LcaE10, and Lcdsx) have been estimated from the corresponding gene order in the Drosophila melanogaster homologous chromosome (3R). The predicted positions of eight genes on L. cuprina Rose et al. · doi:10.1093/molbev/msr006 MBE chromosome IV are presented in figure 1 in relation to D. melanogaster homologs. AL03 and AL07 are the L. cuprina orthologs of D. melanogaster CG31472 and DppIII, respectively. The marker locus AL07 was not analyzed in this study; however it is included in figure 1 to illustrate the position of a major inversion between Drosophila and Lucilia.
Here, we assess the impact of the selective sweep at LcaE7 on variation at six genes on chromosome IV (LcaE1, LcaE10, AL03, LcRpL13a, Lcdsx, and LcAce). In doing so, we are able to infer the extent to which natural selection at LcaE7 has impacted variation at other loci along the chromosome.
Materials and Methods

Data Acquisition
A total of 34 Australasian strains of L. cuprina collected in the 1990s, and one susceptible strain of the sibling species, L. sericata (for use as the outgroup), were analyzed (previously described in Smyth et al. 1994 Smyth et al. , 2000 Newcomb et al. 2005) . All strains of L. cuprina were made isogenic for their fourth chromosome through a series of crosses to a multiply inverted fourth chromosome balancer In(4)6 þ 8 þ 12Sh gl/sv ra tg gl (Yen et al. 1996) . Twelve of the 34 isogenic (IV) lines had been generated by the same procedure except that the males used as parents in the G 0 and G 1 generations had survived a dose of 0.2% w/v (2 lg/ll) malathion. These 12 isogenic (IV) malathion-resistant selected strains are termed the ''screened strains'' consistent with Newcomb et al. (2005) . The remaining 22 ''unscreened strains'' in the sample consisted of 18 diazinon-resistant strains, one strain resistant to malathion and three OP susceptible strains. Three of the 22 unscreened strains are from New Zealand, whereas the remainder are all derived from Australian flies. Isogenic (IV) strains containing gene duplications, all of which involved both an Asp 137 and a Leu 251 haplotype (thus conferring resistance to both diazinon and malathion; Newcomb et al. 2005) , were excluded from this study. Genomic DNA (gDNA) was isolated from adult flies using the DNeasy Blood and Tissue Kit (Qiagen). Six chromosome IV loci (LcaE1, LcaE10, AL03, LcRpL13a, Lcdsx, and LcAce) were amplified according to standard polymerase chain reaction (PCR) techniques. The LcaE1 and LcaE10 regions correspond with Lc#53 nucleotides À5 to 329, GenBank accession no. U49419 and Lc#1531 nucleotides 1-334, GenBank accession no. U49422, respectively, from Newcomb et al. (1996) . The LcaE1 and LcaE10 regions contain two and one intron, respectively. The AL03 and LcRpL13a PCR primers were designed from L. cuprina expressed sequence tag (EST) sequences. The LcRpL13a region corresponds with nucleotides 123-356 from the EST sequence and contains a single intron, whereas AL03 corresponds with nucleotides 40-187 of the EST sequence and does not contain an intron. The Lcdsx region was amplified initially using degenerate primers (Lcdsx/5# and Lcdsx/3#) designed from an alignment of insect doublesex orthologs and then using specific primers (LcdsxA/5# b and LcdsxA/ 3#). The Lcdsx region contains one intron. The LcAce region was amplified using primers designed from the LcAce cDNA reported in Chen et al. (2001) (nucleotides 2403-3288 GenBank accession no. U88631) and contains two introns. Primer sequences and PCR protocols for each locus are 
Data Analysis
The sequence data for LcaE7 came from Newcomb et al. (2005) (GenBank accession nos AY691501-AY691508) and were analyzed together with the data collected here for LcaE1, LcaE10, AL03, LcRpL13a, Lcdsx, and LcAce on the same isogenic (IV) strains of L. cuprina. Insertions and deletions (indels) were excluded from all statistical analyses, although they were informative for the investigation of LD in an LcaE10 microsatellite. The 12 ''screened'' strains were included in all gene alignments and phylogenetic analyses and analysis of the microsatellite in LcaE10 but were excluded from all statistical analyses due to the nonrandom nature of their collection. For the resulting sequence lengths of all aligned gene regions, see table 1. DNA polymorphism analyses and coalescent simulations were performed using the software program DNA Sequence Polymorphism, DnaSP Version 4.10 (Rozas et al. 2003) . The values of L and S for LcaE7 are different from those in Newcomb et al. (2005) due to the exclusion of a gap polymorphism in what is a slightly different alignment of the sequence data. Deviations from neutral expectations in the test of McDonald and Kreitman (1991) were detected using a two-tailed Fisher's exact test. The test was not performed on Lcdsx or LcRpL13a because the coding regions in these loci are very short and contain either no polymorphic sites (Lcdsx) or only one synonymous site (LcRpL13a). Haplotype diversity (H) and haplotype number (K) were calculated manually by the method of Depaulis and Veuille (1998) , resulting in a slightly lower H value than that reported in Newcomb et al. (2005) , who used the method of Nei (1987) implemented in DnaSP. Confidence intervals for haplotype diversity (H) and haplotype number (K) and D statistic of Tajima (1989) were generated by coalescent simulation (10,000 replicates, conditional on the observed number of segregating sites [S], assuming no recombination). Because much information concerning haplotype structuring may be contained in indels, the haplotype tests were calculated separately with alignment gaps both considered and removed. Fay and Wu's (2000) H statistic and confidence intervals (100,000 replicates, no recombination model) were calculated on the Fay Lab H statistic web site www.genetics.wustl.edu/jflab/htest. html. The outgroup (L. sericata) was very difficult to align in the noncoding regions of LcaE7, resulting in an unreliable sequence alignment. Consequently, Fay and Wu's H statistic was calculated only for the coding regions of this sequence alignment.
LD between haplotypes at each locus was evaluated by defining haplotype states. Because there were multiple alleles at each locus, we used the correlation-based method of Zaykin et al. (2008) to calculate LD (D') and correlations between haplotypes (R 2 ) on the unscreened lines. Significance was determined by Monte Carlo simulations implemented in the software provided by the authors (Zaykin et al. 2008) . Two adjacent tetrameric microsatellite repeats in LcaE10 were considered separately for LD because alignment gaps (and therefore variation in microsatellite length) were excluded from the above tests for LD. The microsatellite region of the LcaE10 sequence alignment was examined visually by counting the number of repeats for each microsatellite and observing any association between this number and the assigned LcaE10 haplotype without gaps. Neighbor joining and parsimony trees were constructed from uncorrected p distances using PAUP* (Swofford 2002 ) and MEGA4 (Tamura et al. 2007 ) and rendered in TreeView (Page 1996) . Bootstrap analyses of 1,000 ) within the LcaE7 (Rop-1) gene result in resistance to the OP diazinon and malathion, respectively, in the sheep blowfly, L. cuprina. Each of these substitutions has arisen at least twice, with the D haplotype of Gly139Asp substitution conferring diazinon resistance dominating in frequency in Australasian populations of the fly (Newcomb et al. 2005) .
Regions of six genes (LcaE1, LcaE10, AL03, LcRpL13a, Lcdsx, and LcAce) were amplified and sequenced from 34 isogenic (IV) strains of L. cuprina and one strain of L. sericata, except for LcRpL13a, which was sequenced for 32 of the 34 strains of L. cuprina. The summary statistics of the sequence data from six gene regions of L. cuprina, combined with that of LcaE7 (Newcomb et al. 2005) , are displayed in table 1. Sequence length for the gene regions ranged from 162 to 1,179 bp, whereas the number of segregating sites ranged from 9 to 110. Nucleotide diversity (p) ranges from 0.40 for LcaE1 to 3.90 for LcAce. The sequence alignments for each gene region, showing polymorphic sites only (excluding alignment gaps), are presented in supplementary figures S1-S7 (Supplementary Material online).
No mutations typically associated with insensitive-Ace forms of OP resistance in other insect species (Mutero et al. 1994) were observed within the coding region of LcAce, consistent with the lack of evidence for the involvement of this locus in OP resistance in L. cuprina (Chen et al. 2001) .
Neutrality tests that detect departures from neutral expectations based on the frequency spectrum of polymorphic sites can be informative indicators of selective sweeps (Nielsen 2005) . In a population undergoing neutral evolution, the frequency of polymorphic sites forms a spectrum characterized by the equilibrium between random mutation and genetic drift. Tajima's D (1989) and Fay and Wu's (2000) H tests obtain information contained in the site frequency spectrum by comparing estimates of the population mutational parameter h, which, under the Wright-Fisher model, is expected to be 4N e l (where N e is the effective population size and l is the neutral mutation rate). Given that a sweep reduces variation at a locus by selecting against all but the beneficial allele(s), a sweep should initially result in an excess of high-frequency polymorphisms. Subsequently, most of the polymorphism will consist of newly accumulated mutations, thus skewing the frequency spectrum toward rare variants. Tajima's D statistic detects a skew in the frequency spectrum toward low-frequency variation by measuring the difference between two estimates of h, h p , and h W , which are expected to be equal under neutrality. Tajima's D reveals a significant abundance of low-frequency variants only at LcaE1 (table 2) . Fay and Wu's H statistic, on the other hand, detects a skew in the frequency spectrum toward highfrequency variation by comparing h p and h H (which is weighted by the homozygosity of the derived variants as opposed to the ancestral variants). Fay and Wu's H results reflect a significant excess of high-frequency variants at LcaE7, LcaE1, LcaE10, and Lcdsx. We note that the estimate of H predicted here is different from that predicted in Newcomb et al. (2005) . This may be due to the modification of the test to produce an H value scaled by the variance of the statistic (Zeng et al. 2006 ).
Patterns of Haplotype Variation
The assigned haplotypes at each locus are displayed in table 3. The four haplotypes at LcaE7, resistant to either diazinon or malathion, are highly associated with those at LcaE10, with one exception. Beverly 4.3, which is haplotype E at LcaE7, has the identical LcaE10 haplotype as the LcaE7 F haplotype strains and has thus been assigned as haplotype 'F' at the LcaE10 locus. This is likely to be the result of a recombination event between LcaE7 and LcaE10. There is only one resistant haplotype in the LcaE1 sequences, so the only variation to compare in this region exists within the sensitive strains.
Haplotype number (K) and haplotype diversity (H) are informative statistics for describing the distribution of haplotypes under an infinite-sites model and comparing observed values with neutral predictions (Depaulis and Veuille 1998) . Haplotype diversity (H) considers the frequency distribution of the haplotypes, with high-frequency haplotypes in a sample contributing considerably toward reducing the value of H. Therefore, significantly low values (table 4) . Haplotype analyses were not altered considerably by the inclusion of alignment gaps in the analysis. The only notable discrepancy is that K and H are greater in the LcaE10 alignment with gaps, yet they remain significant. During a selective sweep, the reduction in variation around a naturally selected locus will reduce the impact of reshuffling by recombination producing new haplotypes, because recombination is more likely to occur between two copies of the same haplotype. This process thereby generates high levels of LD. The association between two loci in LD causes a measurable correlation between the states of alternative variants at each locus (Kim and Nielsen 2004 ).
Here, we have used a correlation-based test that can consider multiple alleles at a locus (Zaykin et al. 2008) . The R 2 values reveal a significant correlation between haplotypes at LcaE7 and each of LcaE1, LcaE10, and AL03 as determined by Monte Carlo simulation (table 4) .
Unrooted neighbor joining trees for each gene region are displayed in supplementary figures S8-S14 (Supplementary Material online). Similar tree topologies were obtained when parisomony was used with trees differing at most by the placement of two nodes (data not shown). The star-like phylogeny, characteristic of a selective sweep (Przeworski 2002; Kim and Nielsen 2004) , assumes that the sweep is complete (i.e., the beneficial mutation is fixed in the population), and that the beneficial mutation evolved only once. As our data violate both of these assumptions, a star-like phylogeny was considered within (Newcomb et al. 2005 ). b ND 5 not determined. c Screened means that the strain was selected during the isogenization process with malathion (Smyth et al. 2000 
for details).
Rose et al. · doi:10.1093/molbev/msr006 MBE each of the four origins of a beneficial mutation, that is, the four LcaE7 resistant haplotypes were considered as separate ''sweeps.'' The phylogenetic tree for LcaE7 is as described in Newcomb et al. (2005) with two distinct and probably independent events associated with the acquisition of the Asp 137 and Leu 251 substitutions and their associated haplotypes (haplotypes D and G and haplotypes E and F, respectively; supplementary fig. S8 , Supplementary Material online). This phylogenetic structure indicates at least two selective sweeps of four haplotypes. In order to track the LcaE7 haplotype clusters in the phylogenetic analyses of the other genes, the strains are colored by their assigned haplotypes at LcaE7. The tree for LcaE1 has little resolution, with only the strains LS2 and LBB101 having a distinct haplotype from all other strains (supplementary fig. S9 , Supplementary Material online). The tree for LcaE10 is similar to that of LcaE7 except that haplotypes F and G are identical, as is strain Beverly 4.3, suggesting a recombination event in this strain between haplotypes E and F or G (supplementary fig. S10 , Supplementary Material online). In addition, the susceptible strains LS2 and Landillo 104 share the same haplotypes for LcaE10, while having distinct haplotypes for LcaE7 and LcaE1. For LcAL03, the tree structure changes considerably (supplementary fig. S11 , Supplementary Material online). Although many of the strains containing LcaE7 haplotypes D, E, and F share that same LcAL03 haplotype, there are many cases of new haplotypes or new patterns of shared haplotypes (e.g., LBB101, Belpor 1.2, Belpor 3.1, and Landillo 103) indicative of recombination events between LcaE7 and LcAL03. For LcRpL13a, Lcdsx, and LcAce (supplementary figs. S12-14, Supplementary Material online), the trees show little, if any, similarity in structure to the LcaE7 tree.
Microsatellite Evolution
Two adjacent tetrameric microsatellite repeats were found within the intron in LcaE10. A GTCC repeat ranges in repeat length from 2 to 6 repeats, whereas a GTCT repeat ranges in repeat length from 2 to 15 repeats across the strains (see supplementary fig. S15 , Supplementary Material online). Each repeat is completely associated with the assigned LcaE10 sequence haplotype (table 5). In turn, the repeat variation within the LcaE10 microsatellites is also completely associated with each haplotype at LcaE7, with the exception of the aforementioned recombinant, Beverly 4.3. All strains assigned to a particular haplotype (with alignment gaps removed) have identical microsatellite repeat numbers except for those in haplotype D. Seven repeat forms of the GTCT microsatellite were observed within the D haplotype strains ranging in repeat length from 10 to 15 repeats (table 5) .
Discussion
We present population genetic data collected from regions of genes from the same chromosome as the OP resistance encoding locus, Rop-1 (LcaE7 gene) from the sheep blowfly, L. cuprina. Sequence information was collected from regions within six loci on chromosome IV and together with data of LcaE7 from Newcomb et al. (2005) , used to infer the nature of selective sweeps around Rop-1 and their affect on variation within the a-esterase gene cluster, in which LcaE7 presides, as well as on other genes on chromosome IV.
The nature of the selective sweeps at LcaE7 shows features more typical of 'soft sweeps' (Hermisson and Pennings 2005) compared with a classical hard selective sweep (Maynard Smith and Haigh 1974) . The classical model assumes that the beneficial mutation evolved only once. However supplementary figure S1 (Supplementary Material online) reveals two very distinct haplotypes with the Asp 137 substitution and another two distinct haplotypes having the Leu 251 substitution. The considerable difference between these haplotypes suggests that each of the resistance-conferring mutations arose twice, each (Zaykin et al. 2008 ). e Average multiple allele correlation with significance determined by Monte Carlo (Zaykin et al. 2008 ). *P , 0.05, **P , 0.01, ***P , 0.001, ****P , 0.0001. Selective Sweeps in L. cuprina · doi:10.1093/molbev/msr006 MBE ''sweeping'' its own background variation-an assertion supported by phylogenetic analysis (Newcomb et al. 2005 ). The classical model also assumes that the sweep is complete, that is, the beneficial mutation is fixed in the population. There are, however, three OP susceptible strains in the sample (LS2, Landillo 104 and LBB101, see supplementary fig. S1 , Supplementary Material online), resulting in the inclusion of variation not linked to any naturally selected mutation. Effectively, our data indicate that there are two incomplete soft sweeps at LcaE7. Analytical calculations and simulation results (Pennings and Hermisson 2006a) have shown that the probability of a soft sweep increases with stronger selection, when the effective population size is high and when the mutation rate is high. Therefore, soft sweeps at LcaE7 are not surprising because the selection pressure to adapt to OPs has likely been strong. The effective population size of Australasian L. cuprina is not known; however, the extensive incidence of fly strike caused by L. cuprina suggests that population size is large, thus increasing the probability of a soft sweep at LcaE7.
The sweeping of more than a single copy of a beneficial mutation, in a so-called soft sweep, can occur from either standing genetic variation or recurring new mutations (Hermisson and Pennings 2005) . During the evolution of OP resistance in L. cuprina, both scenarios may have occurred: a soft sweep from recurring new mutations in the case of the diethyl resistance mutation Asp 137 and a soft sweep from standing genetic variation existing before the first use of OPs, in the case of the dimethyl resistance mutation Leu
251
. Hartley et al. (2006) were able to find resistance mutations Leu 251 or similar, but not Asp 137 from pinned specimens collected before the used of OPs against L. cuprina, suggesting that malathion resistance was likely selected from standing variation, whereas diazinon resistance encoded by Asp 137 may have evolved later. The evolutionary consequences of a soft sweep differ from those predicted by the classical ''hard'' sweep model because part of the linked neutral variation is retained in the populations even close to the site of selection. Pennings and Hermisson (2006b) predicted the effect of a soft sweep on summary statistics for polymorphism data from a linked neutral locus. The elimination of variation, as estimated by nucleotide diversity (p) (Nei and Li 1979) , at the site of selection expected under a hard sweep is not true for a soft sweep because polymorphism is maintained even at the site of selection. Thus, in contrary to a hard sweep, a soft sweep will usually not be characterized by a very low p. The level of variation does not show a clear pattern around the site of selection at LcaE7. In contrast to hard sweep predictions, nucleotide diversity is lower than LcaE7 at three of the six loci: LcaE1, AL03, and Lcdsx. However, consistent with predictions, variation at LcaE7 is eliminated within each of the four origins of the selected mutations.
Deviations from neutrality in the frequency spectrum are also much less pronounced in a soft sweep than in the classical sweep pattern. An excess of high-frequency variants is expected when there are two or three ancestral haplotypes in the sample. This is consistent with the incomplete soft sweeps at LcaE7, which resulted in a significant Fay and Wu's H value at LcaE7, in addition to LcaE1, LcaE10, and Lcdsx. Simulations (Pennings and Hermisson 2006b ) reveal that the folded frequency spectrum after a soft sweep is virtually the same as the neutral expectation. Therefore, the mean Tajima's D value is similar to 0, although the standard deviation (SD) of D is greatly increased. The neutral Tajima's D values in this study are therefore consistent with the predictions of a soft sweep. Furthermore, the selective sweeps at LcaE7 are so recent that there has been insufficient time for low-frequency sequence variation to return. In fact, the only likely returning variation that we observed was one recombination event and variation in a microsatellite. Despite this, we obtained a significant Tajima's D value at LcaE1. This result has come about due to the influence of the susceptible strains on the frequency spectrum. Indeed, the only polymorphism present in the sequence alignment is found in the two susceptible strains, LS2 and LBB101 (supplementary fig. S2 , Supplementary Material online). Although the absence of variation at LcaE1, especially among all the various resistant strains, is likely due to the short sequence length surveyed (319 nt), an embedded independent sweep at LcaE1cannot be ruled out.
For levels of LD, the signature of selection is even stronger for a soft sweep. The number of haplotypes (K) is predicted to be much lower than neutral expectations for both hard and soft sweeps. However, close to the selected site, this is mainly due to a low number of polymorphic sites (S) for a hard sweep and not because of strong haplotype structure, such as in a soft sweep. Therefore, haplotype statistics are much more informative for soft sweeps at the site of selection itself, whereas for hard sweeps, they are informative only in the flanking regions and only some time after the sweep due to recombination. Indeed, there are fewer haplotypes and a lower diversity of haplotypes than expected under neutrality at the site of selection, LcaE7, in addition to LcaE1, LcaE10, and LcAce.
LD is also expected to be greater in subdivided populations, even between unlinked markers (McVean 2002 (McVean , 2007 . There is no evidence for population structuring within Australia (Gleeson and Heath 1997) . However, it is assumed that although New Zealand populations of the fly are likely derived from Australia, there is no or little gene flow between New Zealand and Australian populations of L. cuprina. This may affect assessments of levels of LD using samples containing both Australian and New Zealand flies. When we repeated the LD analysis with the three New Zealand strains removed, estimates of levels of LD were still significant for LcaE10 (R 2 5 0.468, P , 0.0001) and ALO3 (R 2 5 0.449, P , 0.05) but not with LcaE1 (R 2 5 0.338, P 5 0.054). However, this nonsignificant result for LcaE1 is likely due to the lack of resolution derived from the small region sequenced. All but two of the susceptible strains share the same LcaE1 haplotype.
Phylogenetic analyses allowed the visualization of LD among each of the LcaE7 selective sweeps (supplementary Rose et al. · doi:10.1093/molbev/msr006 MBE figs. S8-14, Supplementary Material online) . By viewing the phylogenetic tree for LcaE7 and LcaE10, it is clear that the strains carrying the same resistant LcaE7 haplotype remain clustered together throughout the a-esterase phylogenies, with the exception of the recombinant event in the Beverly 4.3 strain. There is insufficient resolution in LcaE1 to observe a pattern. The loss of LD can be inferred from the disintegration of the resistant haplotype clusters in the phylogenies. LD begins to break down at the next two closest gene regions to the a-esterase cluster, AL03 and LcRpL13a. Strains carrying the four LcaE7 resistant haplotypes are dispersed throughout the Lcdsx and LcAce phylogenetic trees, showing that there is little or no LD between these loci and LcaE7. The star-like phylogeny characteristic of a selective sweep (Przeworski 2002; Kim and Nielsen 2004) is not observed within each of the sweeps. The four resistant haplotype clades at LcaE7 contain strains with identical sequences forming a ''dot'' rather than a star because there has been insufficient time for new mutations to accumulate to create a ''star-like'' pattern of divergence.
The McDonald-Kreitman test (1991) failed to detect selection at any loci, other than LcaE7. Consequently, neutrality tests used to detect hitchhiking at each locus were not likely to be biased by any long-term selection that may have occurred in the history of the gene. Deviations from neutrality at these loci are therefore more likely to be due to the selective sweep at LcaE7. The LcaE7 region deviates significantly from neutral expectations under a McDonaldKreitman test, probably due to the selection of the nonsynonymous substitutions conferring OP resistance at this locus (Newcomb et al. 2005) .
It is clear from the analysis of LD, in addition to the skew in the site frequency spectrum, that the selective sweep at LcaE7 has had a substantial impact on patterns of variation at two other chromosome IV loci, LcaE1 and LcaE10. This is evident from the significant excess of high-frequency variation in addition to the strong haplotype structuring indicative of LD at these two loci. The correlation between LcaE7 and LcaE10 haplotypes is very apparent, though the association between LcaE7 and LcaE1 haplotypes is difficult to discern because of the elimination of all variation within the resistance haplotypes at LcaE1. However, the significant correlation coefficient R 2 values between LcaE7 and these two loci portray strong LD most likely due to the selective sweep at LcaE7.
LcaE1 and LcaE10 are two orthologs of D. melanogaster a-esterase genes and are therefore assumed to be in the same cluster as LcaE7. DmaE7, the D. melanogaster ortholog of LcaE7, is a member of a cluster of 11 a-esterase genes that covers ;62 kb on D. melanogaster chromosome 3R Russell et al. 1996) . Orthologs of eight of these genes have been identified in L. cuprina . Phylogenetic analysis of both the D. melanogaster and L. cuprina a-esterases supports the proposition that most of the duplications that gave rise to the a-esterase cluster occurred before the two lineages diverged . Thus, it is assumed that the order of genes in the a-esterase gene cluster is conserved between D. melanogaster and L. cuprina. If the L. cuprina a-esterase cluster follows the same gene order as that of D. melanogaster , then LcaE1 and LcaE10 are located on opposite ends of the a-esterase cluster with LcaE7 between them. In D. melanogaster, DmaE7 is slightly closer to DmaE1 (;22 kb) than to DmaE10 (;30 kb). The orientation of the a-esterase gene cluster on chromosome IV of L. cuprina has not yet been determined. The size of the L. cuprina a-esterase cluster is estimated to be approximately 250 kb, based on the genome size of L. cuprina (C value 5 0.81 pg; Ullreich and Schöttke 2006) being four times that of D. melanogaster (C value 5 0.2 pg; Bosco et al. 2007 ). However, much of the expanded L. cuprina genome may well be between gene-rich regions, resulting in this being an overestimate.
The fact that the signature of the selective sweep remains strong at both ends of the a-esterase cluster suggests that it may well extend beyond the cluster. Therefore, the extent of the selective sweeps may terminate in regions between the a-esterase cluster and AL03 and LcRpL13a, the two closest loci from this study predicted to be on either side of the a-esterase cluster at which the selective sweep signature was not apparent. In fact, the correlation of haplotypes between LcaE7 and AL03 (indicated by a significant correlation coefficient [R 2 ] value) may indicate that the selective sweep at LcaE7 has had some effect on this locus. In D. melanogaster, the distance between DmaE7 and CG31472 (the D. melanogaster ortholog of AL03) is ;287 kb.
The size of the two incomplete soft sweeps at LcaE7 is comparable with examples of complete hard sweeps reported in the literature (e.g., Saez et al. 2003; Schlenke and Begun 2004) . This is probably because the sweeps in L. cuprina are extremely recent, whereas these two selective sweeps reported from D. melanogaster are associated with adaptation to non-African environments after the migration from Africa 10,000 to 15,000 years ago.
OP resistance had reached high frequencies in the Australasian L. cuprina population by the early 1970s, ,10 years since the first occurrences of diethyl OP resistance (Levot 1995) . Assuming a generation rate of eight generations per year (Foster and Smith 1991) , the selective sweep across the a-esterase cluster must have occurred within just 80 generations. The single nucleotide substitutions have had a substantial impact on levels of variation in an entire gene cluster despite the facts that 1) there were two selective sweeps at the same locus, 2) both were soft sweeps, which are predicted to have a less pronounced effect on the footprint of selection, and 3) the sweeps were incomplete because OP susceptible strains remain in the population.
Although selection at LcaE7 has had a major impact on a large region of chromosome IV, suggestions of a recovery from the selective sweep were also observed in the data. Likely recovery of variation was detected at the LcaE10 locus, which is predicted to be further from LcaE7 than is the LcaE1 locus. However, recovery at LcaE10 would be more discernible than at LcaE1 because it is a much longer region. The recovery at LcaE10 is evident from 1) evidence of Selective Sweeps in L. cuprina · doi:10.1093/molbev/msr006 a recombination event between LcaE7 and LcaE10, 2) a substantial increase in haplotype number and diversity in the sequence alignment including indels, and 3) microsatellite variation within haplotype D. Haplotype number (K) and haplotype diversity (H) are considerably higher for the LcaE10 alignment, which includes gaps, indicating that indels in the LcaE10 alignment are starting to break down the strong LD at this gene region.
The two microsatellite repeats in the LcaE10 region were examined for any disintegration of LD. With the exception of haplotype D, all strains assigned to a particular haplotype have identical microsatellite repeat numbers, and the LcaE10 microsatellite repeat number is related to the resistant haplotype at LcaE7. Therefore, variation in microsatellite repeat number among the haplotypes likely evolved before the selective sweeps at LcaE7. Indeed, a large amount of variation exists in the number of repeats within the OP susceptible strains (three vs. seven GTCT repeats). However, there is also microsatellite length variation within the haplotype D strains, indicating that continued evolution of the microsatellites has occurred since the selective sweeps. Given that microsatellites evolve much faster than point mutations do, it is expected that postselective sweep mutations will initially be seen as microsatellite variation rather than sequence variation. The microsatellite variation within haplotype D at LcaE10 may explain the considerable increase in haplotype number and haplotype diversity in the LcaE10 alignment with indels included.
The recovery from the selective sweep observed here in a sample of strains collected in the 1990s has occurred in approximately 200-250 generations since the first occurrences of diethyl resistance. In addition, gene duplications and a modifier gene have also evolved during this time (McKenzie et al. 1982; Newcomb et al. 2005) . Despite evidence of recovery, the impact of the selective sweep remains very strong at LcaE10, indicating that many more generations are required before the variation can be fully recovered. Indeed, 2N generations are estimated to be required for a population to effectively recover from a selective sweep (Perlitz and Stephan 1997) . The signature of selective sweeps has even been observed in the D. melanogaster genome in an ancestral population living in its natural African environment (Mousset et al. 2003) . Selective sweeps were observed in four of nine randomly selected loci, indicating that selective sweeps are not merely observed in species adapting to recent environmental changes, such as adaptation to non-African environments after the migration of D. melanogaster from Africa (e.g., Saez et al. 2003) . These observations indicate that the footprint of a selective sweep can remain in a population long after the original sweep event.
Genetic hitchhiking may act to lower the collective fitness of a population. The a-esterase cluster is likely to make up a large proportion of the detoxifying esterase genes in the genome of L. cuprina (Oakeshott et al. 2003) . As L. cuprina has also developed resistance to a broad range of insecticides based on a number of different chemical groups and modes of action (Levot 1995; Levot and Sales 2002; Batterham et al. 2006) , it seems probable that similar sweeps have occurred in other detoxifying clusters, such as P450s and GSTs. Therefore, the selective sweep through the a-esterase cluster may have significantly contributed to a major reduction in the genetic variation in the species' chemical defense system. Thus, the selective sweep may have resulted in a considerable ''opportunity cost'' in terms of the lost variation with which the species can respond to future changes in its chemical environment. Not only is favorable variation simply less likely to occur due to a reduced overall level of variation, but a favorable variant that is linked to LcaE7 will also have a reduced probability of fixation due to tight linkage (Barton 1995) . Thus, in multiple ways, future adaptation in L. cuprina is impeded by the selective sweep at LcaE7.
Although the reduced resilience of L. cuprina to new xenobiotics may appear to be a positive outcome from an agricultural perspective, the selective sweep at LcaE7 is an example of the catastrophic extent to which human activities alter the evolutionary ability on which all life depends. In addition to impeding adaptive evolution, the fitness cost of OP insecticide resistance in L. cuprina may be further reduced by deleterious mutations that are linked to LcaE7. The rate of fixation of slightly deleterious mutations is increased if they are linked to a beneficial mutation (Birky and Walsh 1988) , provided that the deleterious effect is not strong enough to neutralize the beneficial effect of the advantageous mutation. Thus, any deleterious mutations linked to LcaE7 in L. cuprina, which would be filtered out in environments where insecticides are not used, are more likely to become prevalent in regions where the species is confronted with insecticides. For example, the unidentified modifier gene (McKenzie et al. 1982) , which is postulated to neutralize the negative fitness effects that reduced carboxylesterase activity has in noninsecticidal environments (Newcomb et al. 2005) , may in fact be modifying a phenotype that is due to a deleterious genotype linked to LcaE7 and not the mutant form of the LcaE7 product itself.
Evidence for the drastic effect of selective sweeps on population genetic dynamics is mounting. A study of selection at the Sdic locus , which encodes a novel intermediate chain in a sperm-specific axonemal dynein, detected a selective sweep spanning a very large region (;2%) of the D. melanogaster genome (Mousset et al. 2003) . In addition, selective sweeps are predicted to be common: D. melanogaster is estimated to undergo one sweep per locus every 10,000 years, or 4 Â 10 6 sweeps per locus per generation in each population (Nurminsky 2001) . Here, we have demonstrated that the population genetic dynamics of an entire cluster of genes in the sheep blowfly, L. cuprina, has been impacted by selection for insecticide resistance at LcaE7 (Rop-1).
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